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Numerous empirical models have been developed in other geo-
graphical regions to calculate the several components of illumi-
nance [12–14]. These models have been extensively analyzed in
numerous papers and signiﬁcant comparative studies have been
carried out [15–20]. A comprehensive compilation of models con-
to estimate the luminous efﬁcacy which uses the brightness index
D as the only input parameter:
Kdh ¼ 91:07 D0:254 ð2Þ
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The model of Perez [14] is perhaps the most widely used in lit-
erature; it has been validated in numerous works and is usually
considered to be fairly accurate [22]. This model has been taken
as reference in the present work.
Regarding the existing data base of illuminance measurements,
there is a need for more long-term illuminance measurements
worldwide [23]. Nevertheless, some studies can be cited based
on illumination measurements for several years. So, Ne’eman
et al. [24] reported a database of monthly mean hourly values of
global and diffuse horizontal illuminance for Israel and the nearby
region, Bartzokas et al. [25,26] compare sky luminances for differ-
ent European climates, Markou et al. [1] studied the variation of
illuminance levels for different seasons in Athens, Pérez-Burgos
et al. [3,27] analyzed measurements of global horizontal and verti-
cal illuminances at Valladolid, Spain, to evaluate their daily and an-
nual variation in the area. Soler et al. [28] reported monthly mean
hourly values of diffuse illuminance for Madrid in the period 1992–
1998.
In the present work, a study of daylight availability for Madrid
relying on long term data series has been carried out. It is expected
that other geographical areas with similar climate characteristics
can exploit these results [28,26,25]. This study is focused on the
diffuse component of illuminance. Values of illuminance have been
obtained from those of irradiance through luminous efﬁcacy mod-
els; speciﬁcally, models by Robledo and Soler and by Perez have
been applied as described in the following sections.
2. Experimental data
Experimental measurements of global and diffuse irradiances
on horizontal surface were provided by the National Meteorologi-
cal Agency (AEMET). The radiometric station is sited at Madrid
(40270N, 3430W), Spain. The data correspond to the period from
1980 to 2005, that is, a period of 26 years has been included in
the analysis. The data are mean hourly values. For each day, data
from 5:00 h to 20:00 h were available, so that, the irradiance value
for a speciﬁc hour of the day corresponds to the average over the
hour before. Time is expressed in True Solar Time (TST).
Madrid is affected by the Mediterranean continental climate as
the majority of inner areas in Spain. This type of climate is charac-
terized by wide diurnal and seasonal variations in temperature and
by low, irregular rainfall. Continental winters are cold, and sum-
mers are warm and cloudless.
Due to the long-term series analyzed, a large amount of data
was collected and treated as described next. In this way, the statis-
tical results obtained in this work represent a typical behavior of
irradiance and illuminance for the detailed climatic conditions.
3. Estimation of diffuse illuminance on horizontal surface
The empirical model of Robledo and Soler [5] is used to calcu-
late diffuse illuminance on horizontal plane. The experimental data
used by these authors to develop their model consisted of mean
hourly values of diffuse irradiances and illuminances on horizontal
surface measured at the High School of Architecture (ETSAM) at
Madrid during the period from June 1994 to November 1995. After
performing statistical assessments by considering different possi-




with E0 the extraterrestrial irradiance (a value of 1367 W/m2 was
taken) and a the solar altitude. The expression (2) is valid for all
sky types and its empirical coefﬁcients are calculated for Madrid.
Diffuse horizontal illuminance is obtained from irradiance
throughout:
Ldh ¼ Kdh Edh ð4Þ
In this work, the value of Kdh is calculated by expression (2) and Edh
is the experimental diffuse irradiance provided by AEMET. Values of
diffuse illuminance for each hour have been calculated for the per-
iod 1980–2005, but, before this, an assessment of them was per-
formed as follows. In Soler et al. [28], a brief study of the diffuse
illuminance values obtained on horizontal surface at the measuring
site of ETSAM for the period 1992–1998 is made. The experimental
monthly averages hourly values of diffuse illuminance are given in
the paper. These measurements have been used to validate the esti-
mated illuminance values. The ETSAM radiometric station is located
2 km from the AEMET station at Madrid.
The estimated monthly mean hourly illuminance values are
compared with measured values in Fig. 1 for the period 1992–
1998. In this ﬁgure, representative graphs corresponding to June
and December are shown. These graphs represent the variation
of illuminance for two months with maximum and minimum illu-
mination, respectively. Similar comparative results are obtained
for other months, but not shown. Relative errors between esti-
mated and measured values have been calculated. The averaged
absolute relative error is 4.5% for June and 6.7% for December.
For other months, these errors vary from 3.6% to 8.4%. By consider-
ing all months, an averaged relative error of 5.3% is obtained. The
adjustment between both types of curves proves the high accuracy
of the model for the location of interest.
Based on this assessment, values of diffuse illuminance were
estimated for the whole period 1980–2005. The monthly average
hourly values are graphically shown in Fig. 2 as an iso-lux diagram
type, ﬁrstly introduced by Kambezidis et al. [29]. Of course, at
noon, diffuse illuminace is maximum, ranging from 15.99 klux in
December to 34.28 klux in May.
For daylighting designs, cumulative frequency distributions of
daylight availability can be used for determining the necessary
use of artiﬁcial lighting, since they indicate the percentage of fre-
quency in which a given illuminance value is exceeded. In Fig. 3,
the cumulative frequencies of diffuse illuminance on an annual
and monthly basis for horizontal surface are shown. From this ﬁg-
ure, it can be seen how the differences between curves correspond-
ing to different months of the year are signiﬁcant. This feature
coincides with ﬁndings by Chirarattananon et al. [30]. Following
these authors, the differences between the availability of illumi-
nance for different months of a year are small for Bangkok but they
are important for United Kingdom and other locations far from the
equator. Darker line, obtained by considering the whole data set,
shows an average behavior between lines for each month. Months
with more or less illumination can be observed from the graph.
Maximum and minimum daylight availability is found in May
and December, respectively. For these months, maximum values
about 54 klux and 26 klux are, respectively, obtained.
4. Horizontal irradiance and illuminance and sky
conditions at Madrid
A study of the sky conditions at Madrid has been made with the
aim of establishing the inﬂuence of the presence of clouds in the relatively high frequency representing 17.5% of the cases. If catego-
ries 6, 7 and 8 are considered together representing the tendency
to clear skies at Madrid, they sum up to 53.4%. It is understood that
these data represent the sky conditions at Madrid within the se-
lected 26 years.
Fig. 1. Mean hourly values of diffuse illuminance on horizontal surface estimated
from irradiance data of AEMET and measured at ETSAM for the period 1992–1998.
Fig. 2. Iso-lux lines diagram of diffuse illuminance on horizontal surface for Madrid
for the period 1980–2005.
Fig. 3. Cumulative frequency distribution of diffuse illuminance on horizontal
surface for Madrid for the period 1980–2005.
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classiﬁcation of the sky types occurred at Madrid for the experi-
mental period analyzed was made. Speciﬁcally, data were classi-
ﬁed in eight cloudiness categories following the sky clearness
parameter e of Perez et al. [14]:
e ¼ f½ðEdh þ EbnÞ=Edh þ 5:535 106 Z3g=ð1þ 5:535
 106 Z3Þ ð5Þ
where Edh is the horizontal diffuse irradiance, Ebn the direct normal
irradiance and Z the solar zenith angle in degrees.
Depending on the value of e, the sky is classiﬁed from category 1
(overcast) to category 8 (totally clear). In Fig. 4, the number of data
for each category is shown in order to see the occurrence of a spe-
ciﬁc sky condition in the studied geographical zone. Sky category 6
is the most abundant at Madrid (21.3%). Totally clear skies have aFig. 5 shows mean values of global and diffuse irradiance for
each sky category. It is seen that while global irradiance increases
with decreasing cloudiness, the diffuse component grows and then
decreases when cloudiness decreases. The maximum diffuse irradi-
ance, a value of about 184W/m2, is obtained for partially cloudy
skies (categories 3 and 4). The values of global irradiance for the
extremes categories 1 and 8 are 146W/m2 and 675 W/m2, respec-
tively, and the values of diffuse irradiance are for these categories
142W/m2 and 80 W/m2, that is, lower for clear skies than for
overcast.
In Fig. 6, diffuse illuminace for each sky category is shown; as
for irradiance, the highest value corresponds to partially cloudy
skies (categories 3 and 4) followed by the overcast skies. The low-
est values correspond to clear skies. The range of variation is be-
tween 13.46 klux and 22.82 klux.
5. Estimation of diffuse illuminance on vertical surface
sion of the model is given in Perez et al. [32]. This model has been
validated by numerous authors (Robledo and Soler [6], De Rosa
et al. [18], Chirarattananon et al. [7], Joshi et al. [22], Janjai et al.
[8]). The expression of the simpliﬁed Perez model is given as:
 
Fig. 4. Number of data into each sky category at Madrid for the period 1980–2005.
Fig. 5. Mean global and diffuse irradiance for each sky category for the period
1980–2005 at Madrid.
Fig. 6. As in Fig. 5 but for mean diffuse illuminance.
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ried out throughout an empirical model. In this case, the calcula-
tion process takes several steps. Firstly, vertical irradiance is
bin limit
11 12 13 21 22 23
1 1.065 0.114 0.562 0.052 0.041 0.081 0.012
2 1.230 0.213 0.318 0.123 0.110 0.350 0.003
3 1.500 0.617 0.608 0.151 0.191 0.611 0.045
4 1.950 0.670 0.225 0.294 0.149 0.231 0.001calculated from the horizontal one and then, vertical illuminance
is calculated from vertical irradiance.
5.1. Estimation of diffuse irradiance on vertical surface
To calculate vertical irradiance from the horizontal one, the Per-
ez model was used. Three types of models were developed by Perez
et al. to calculate: (a) global, diffuse and direct horizontal luminous 5 2.800 0.995 1.123 0.386 0.377 0.959 0.014
6 4.500 0.873 0.143 0.568 0.425 1.298 0.040
7 6.200 0.673 0.183 0.491 0.290 1.450 0.167
8 – 0.065 5.540 0.430 0.276 0.799 0.044efﬁcacy, (b) diffuse irradiance and illuminance on tilted surfaces
and (c) sky luminance. The model used here corresponds to the




EdTLT is diffuse irradiance on a surface tilted an angle TLT (TLT = 90
for a vertical surface), Edh is diffuse irradiance on horizontal surface,
F1 and F2 are the circumsolar and horizon brightness coefﬁcients,
respectively, given by:
F1 ¼ max 0; fF11 þ F12Dþ F13ð p180ÞZg
  
F2 ¼ F21 þ F22Dþ F23ð p180ÞZ
ð8Þ
where Z is the zenith angle, D, the brightness index and Fij, coefﬁ-
cients established for each sky clearness index e category [14]; coef-
ﬁcients a0 and a1 are given as:
a0 ¼ max½0; cos INC; a1 ¼ max½cos 85; cos Z ð7Þ
where INC is the incident angle on the tilted surface and Z is the ze-
nith angle.
Several studies have found that the accuracy of the Perez model
increases when local coefﬁcients are used (Robledo and Soler
[33,34], Chirarattananon et al. [7] and De Rosa et al. [18]). Robledo
and Soler [33] determined the empirical Fij coefﬁcients for Madrid
based on measurements of irradiance carried out at ETSAM (Ma-
drid) for the period 1992–1994. These values are reproduced in Ta-
ble 1 and have been used in this work.
Table 1
Irradiance coefﬁcients determined for Madrid for all the vertical planes. (source: [33])
e Upper F F F F F F
Coefﬁcients in Table 1 are valid for all vertical planes with any
orientation. Values from this Table are used in expression (8) to
calculate F1 and F2; then, the diffuse vertical irradiance is calcu-
lated by expression (6). Formulae to calculate solar geometry mag-
nitudes have been taken from Iqbal [35]. Four representative
Kdm North ¼ 96:04ðsinaÞ0:08D0:039
Kdm South ¼ 108:0ðsinaÞ0:088D0:171
Kdm East ¼ 112:2ðsinaÞ0:061D0:009
Kdm West ¼ 112:63ðsinaÞ0:0406D0:027
ð10Þ
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and the diffuse irradiance reaching these types of surfaces was
estimated.
5.2. Estimation of diffuse illuminance from irradiance
In this step, estimated diffuse irradiance on vertical surface Edv
(TLT = 90) is used to determine diffuse illuminance Ldv through:
Ldm ¼ KdmEdm ð9Þ
where Kdv is the luminous efﬁcacy on a vertical surface. In order to
estimate Kdv, the model of Robledo and Soler [6] has been used.
These authors proposed a model with local empirical coefﬁcients
calculated for Madrid. Following their work, a different relationship
is used for each orientation. The empirical expressions for North,
South, East and West orientations are given by:Fig. 7. Iso-lux lines diagram of diffuse illuminance on vewhere a is the solar altitude and D, the brightness index. In order to
determine Kdv for intermediate orientations, the same authors rec-
ommend an interpolation of the values given by these expressions.
Following the steps above, hourly values of vertical illuminance
were obtained. Results are based on the hourly measurements of
horizontal irradiance of AEMET for the period 1980–2005.
In Fig. 7, monthly mean hourly values of diffuse illuminance are
shown for North, South, East and West orientations by means of
iso-lux diagrams. Maximum daily values for North and South ori-
entations are reached at noon and show a variation range along
the year of about 10–6 klux and 21–14 klux, respectively; These
daily maximum values have a variation about 17–9 klux in the case
of orientations East and West, being these values reached in the
morning and in the afternoon, respectively. Cumulative frequency
distributions for diffuse illuminance for the four orientations on a
monthly and annual basis were determined and shown inrtical surface for Madrid for the period 1980–2005.
Fig. 8a–d. Darker line calculated by considering the whole data set
represents an average behavior for all months. By considering all
orientations, no daylight availability is found above 30 klux. From
these graphs, information about months presenting higher day-
light availability for each orientation can be obtained.
Fig. 8. Cumulative frequency distribution for diffuse illuminance on vertical surface for Madrid for the period 1980–2005 on a monthly basis.
Fig. 9. Cumulative frequency distribution for diffuse illuminance on vertical surface
for Madrid for the period 1980–2005.
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set have been put together in Fig. 9. From this Figure, it is possible
to appreciate differences for the four surfaces. For illuminace val-
ues less than 4 klux, no difference is found among different orien-
tations. By increasing illuminance values, differences among
orientations increase. As an example, for the case of the North ori-
entation, a 20% of illuminance data exceed a value of 9 klux while,
for the same percentage, a value of 18 klux is obtained for the
South orientation and a value of 14 klux for East and West
orientations.
6. Conclusions
Natural light determines and conﬁgures spaces where people
carry out daily activities. So, nowadays, the architectural design
is strongly inﬂuenced by daylighting techniques. In order for natu-
ral illumination to be implemented in architectural projects, it is
necessary to know daylight availability. According to this, the main
aim of this work has been to provide actual data of solar illumi-
nance representing the climatic behavior of this energy resource
in a speciﬁc geographical area. Monthly mean hourly values of dif-
fuse illuminance were provided for horizontal and vertical surfaces
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experimental data taken at Madrid (40270N, 3430W), Spain, in a
period of 26 years (1980–2005) and on models that have been
extensively validated in scientiﬁc literature. This work was in-
tended to be a continuation of the studies carried out by Robledo
and Soler during the past years. Due to the use of long-term series,
results of the data analysis carried out in this paper provide a reli-
able data base for diffuse illuminace availability that can be useful
to technicians dealing with illumination of indoor spaces in order
to obtain a better visual comfort and signiﬁcant electric energy
savings.
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